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Ragweed (Ambrosia artemisiifolia L.), a metal-accumulator invasive species, was pyrolyzed under a range
of pyrolytic conditions to investigate their inﬂuence on immobilization and environmental safety of
potentially toxic elements (PTEs) in the produced biochar. Conditions tested included temperature,
retention time, heating rate, gas ﬂow rate and particle size. Temperature and particle size had pro-
nounced effects on product yields and physico-chemical characteristics of the produced biochar. All PTEs
were enriched in the biochar, and the effect was more pronounced with higher temperature over 500 C.
However, fractionation of PTEs in biochar by following the sequential extraction process indicates that
the mobile (bioavailable) fraction of most of the PTEs was transformed into more stabilized (residual)
form (P< 0.01) after thermal conversion. Conclusively, biochar from metal-accumulating invasive
ragweed with sustainable disposal and desired characteristics (with an optimal temperature range of a
500e600 C and heating rate of 10 min1 using smaller-size particle) can be produced by an appropriate
combination of different pyrolytic condition with low environmental and ecological risk.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Potentially toxic elements (PTEs) occur naturally in the soil-
water environment, but their levels increase in the soil due to
lithogenic and anthropogenic activities, threatening both environ-
mental health (Yousaf et al., 2017a) and living things such as mi-
crobes, plants and animal in ecosystems (Chibuike and Obiora,
2014). The trace elements like Co, Cu, V, Ni, Zn, Fe, and Mn arest-Mantle Materials and the
, University of Science and
), lgj@ustc.edu.cn (G. Liu),
stc.edu.cn (M.U. Ali), wrw@
(R. Ahmed), chmwang@ustc.
abel), adosman@ksu.edu.saknown to be essential for the growth of at least one biological
species in small concentrations, but the increased amount of these
elements can have harmful and chronic health impacts (Yousaf
et al., 2018). On another hand, some metallic elements, i.e., Pb,
Cd, Hg and As are considered systematic toxicants (potentially toxic
elements) (Bandiera et al., 2016), that can pose a severe threat to
environmental and human health (Yousaf et al., 2016b). In recent
days, phytoextraction by invasive plants is getting more and more
attention due to its environmentally friendly and cost-effectiveness
for removal of these PTEs from soil system. Although, invasive
plants are regarded as one of the greatest threats to the biodiver-
sity, natural ecosystem, human health and economywith the ability
to destroy native species-rich ecosystem (Weber and Li, 2008).
However, some of these invasive species have been reported to
restore abounded and contaminated sites due to their extraordi-
nary metal-accumulative nature and ability to extract higher con-
centrations of PTEs from metal-contaminated soils (Pandey, 2012).
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biomass production, rapid propagation and its growing ability in
extremely contaminated sites. Many reports have shown that the
invasive species are good accumulators of PTEs and they have
natural ability to uptake and store these PTEs in their tissues (Zayed
et al., 1998). Safe disposal of these invasive plants after phytor-
emediation of PTEs-contaminated soil is another issue (Liao et al.,
2013). However, with the advancement in biomass pyrolysis tech-
nology, it can be easy to overcome the disposal problem and pro-
liferation of metal-accumulating invasive species by converting
them to a value-added product like biochar (Xu et al., 2017).
Another beneﬁt is the transforming the stored PTEs into more
stabilized form (Yousaf et al., 2017b).
Biochar is a carbon-rich material produced by thermal conver-
sion of biomass in little or the absence of oxygen. Due to its aro-
matic structure, biochars have been reported to be a highly stable,
and chemically and biologically inert. Biochar can persist in soils for
an extended period (Yousaf et al., 2016a), resulting in the envi-
ronmental and agronomic management (Usman et al., 2015). This
technology is receiving attention worldwide due to its ability to
sequester greenhouse gas (Matovic, 2011) providing an ultimate
solution to mitigate global warming (Spokas and Reicosky, 2009).
Biochar technology has the capacity to ﬁx atmospheric carbon into
soil carbon sink for a long-term (Lehmann, 2007), other than that it
also enhances the fertility of soil to sustain plant growth (Stefaniuk
et al., 2016). Biochar can act as a sorbent for different organic and
inorganic contaminants (Zama et al., 2017) as well as it can sustain
soil nutrients reducing the fertilizer application by this means
playing a role in the reduction of environmental pollution (Yao
et al., 2012). The properties of biochar like carbon sequestration,
environmental remediation and fertility mainly depend upon its
physiochemical properties (Jin et al., 2016). The physical and
chemical characteristics of biochar primarily depend upon the
feedstock, production process (thermal conversion) (Chang et al.,
2016) and operational conditions (Al-Wabel et al., 2013).
Two of themost important factors that can affect the quality and
controls the properties of biochar are pyrolysis temperature (Chen
et al., 2016) and type of feedstock used (Park et al., 2014). Tem-
perature has a direct effect on elements by potential lost or ﬁxed
into a stable state, and it tends to increase the pH value of the
biochar (Devi and Saroha, 2014). Previous research showed that
metals in feedstock can be transformed into more stable form
during pyrolysis. The temperature is considered to be a most
inﬂuential factor affecting biochar characteristics (Luo et al., 2015)
and it is important to study the changes within the biochar to ﬁnd
out the relation with pyrolysis temperature (Mukherjee et al.,
2011). Also, PTEs can get enrich in biochar after pyrolysis (Anyika
et al., 2016), their availability and eco-toxicity can be decreased
signiﬁcantly as the unstable and bioavailable PTEs converted into
stable forms (Sun et al., 2010). Previously, efforts to investigate the
PTEs enrichment in plants has been focused extensively, however,
the transformation mechanism, fractionations of PTEs and envi-
ronmental/ecological issues related to pyrolysis conditions during
thermal conversion of metal-accumulating invasive species to
biochar remain unclear.
Keeping in view the importance of research required on the
transformation behavior of PTEs in metal-accumulating invasive
species-produced biochars under various pyrolysis conditions to
control the release of PTEs in environment, the current study was
conducted with following objectives: (1) to investigate the opera-
tional controls on properties and product yield of pyrolysis of
metal-accumulating invasive (Ambrosia artemisiifolia L.) species; (2)
to study the migration behavior and fractionation of PTEs in bio-
chars in order to explore the effect of operating conditions on
immobilization of these PTEs; (3) to access the potential ecologicalrisk of PTEs released from biochars produced under various oper-
ating conditions.2. Methods and materials
2.1. Materials
Ambrosia artemisiifolia L., an invasive plant species that is native
to North America and has been identiﬁed to be an efﬁcient accu-
mulator of PTEs (Tang et al., 2015), was used as feedstock for bio-
char production. The plant sample was collected from an industrial
area of Hefei, Anhui province of China (by cutting from ~2 cm above
the ground) and primarily dried at 70

C for 48 h. After oven-drying,
the sample was crushed into small particles using Thomas-Wiley
mill (Model 4 Wiley® Thomas Scientiﬁc, USA). The samples were
kept safe in airtight bags until to be used for biochar production.2.2. Pyrolysis experiments
The ﬁxed bed pyrolysis reactor (model BTF-1,200C, AnHui BEQ
equipment, technology Co., Ltd, China) integrated with digital PID
controller (proportional-integral-derivative) to achieve a
maximum working temperature of 1200± 1 C with wide-ranging
heating rates and retention times was used for pyrolysis purpose.
Approximately 300 g of dried and ground biomass (Ambrosia arte-
misiifolia L) was taken in ultra-high purity quartz boat (150mm L x
70mmW x 50mmH) and housed inside the reactor. A residual air
was purged by using a constant supply of nitrogen to provide the
inert reactionmedium and the carrier gas (N2) ﬂow rate (mLmin1)
was adjusted according to the experimental conditions by a mass
ﬂow controller (MFC). There were a total of twenty-one experi-
mental runs (with three replications each) by conducting a series of
experiments including temperatures (300, 400, 500, 600 and
700 C), retention time (15, 30, 60 and 90min), heating rates (1, 2, 5
and 10 Cmin1), gas ﬂow rates (20, 50,100 and 200mLmin1) and
particle size (<200, 200e100, 100e50 and 50-10 mesh) keeping
other parameters constant (temperature: 500 C, retention time:
60min, heating rate: 10 C mint1, gas ﬂow rate 200mLmin1 and
particle size 10 mesh). The biochar produced after complete py-
rolysis was left to cool down overnight in an anaerobic environ-
ment in a glass vacuum desiccator (hold vacuum up to 740mm Hg)
contained silica gel.2.3. Physico-chemical characterization of biochar
To ﬁnd out the biochar yield (recovery rate), mass balance
technique was employed. Elemental composition of biochar (car-
bon (C), Nitrogen (N), Hydrogen (H) and Sulphur (S)) was deter-
mined by using CHN elemental analyzer (Varian EL 111). Oxygen
concentration was found using weight difference method. In order
to determine pH values of biochar, KCl solution (1.0mol/L) was used
with a ratio of 1:10 (W/V). ASTM 3174 (2011) and ASTM (2007)
techniques were employed for proximate analysis including Ash
content, FC, and VOC (volatile organic carbon) on a dry weight
basis, with an experimental error less than 0.5%. Surface area and
interstitial pores of biochar were analyzed using N2 adsorption in
samples using BET (Brunauer, Emmett, and Teller) (Quantachrome
Autosorb-1C, USA). The electrical conductivity (EC) of the biochar
sample was determined using conductivity meter (LF91, German).
High heating value (HHV) was determined by modiﬁed Dulong's
equation presented in the supplementary information (Eq. S(1)).
The Ycar and average oxidation state of biochar-carbon (AOSC) can
be calculated using following equation Eq (1) and Eq (2).
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Biochar yield ð%Þ
Carbon content in biochar ð%Þ
 Carbon content in feedstock (1)
AOSC ¼
ð3mol% NÞ þ ð2mol% OÞ  ðmol% HÞ
mol% C

(2)
The characterization details (yield, VOC, Ash, FC, pH, EC, SABET,
mSBET, HHV, and AOSc) of biochar samples are given in Table 1.
2.4. Sequential extraction for fractionation of PTEs
The sequential extraction method used for PTEs fractionation in
biochar is demonstrated in Fig. S1. The modiﬁed sequential
extraction method was adopted for the fractionations of the PTEs in
biochars, which helps to categorize PTEs by their nature and mode
of occurrence into ﬁve fractions (F1: water soluble, F2: exchange-
able, F3: reducible, F4: oxidizable and F5: residual) (Devi and
Saroha, 2014). A centrifuge (Thermo Scientiﬁc™ Sorvall™ ST 40)
was used for centrifugation of supernatant at 5000 rpm for 10min;
the supernatant was collected after each extraction and ﬁltered
through a nylon ﬁlter (0.45 mm). The resulting ﬁltrate was then
diluted to 25mL using HNO3 (2%) and was analyzed using ICPMS to
ﬁnd out the concentration of nine selected PTEs (As, Cd, Cr, Cu, Mn,
Ni, Pb, V, and Zn).
2.5. Acid digestion
Acid digestion technique was employed to ﬁnd out PTEs con-
centrations in biochar and bio-oil. For acid digestion, 0.5 g sample
(biochar and onemL in case of bio-oil) was weighed and digested in
a Pyrex beaker with 10mL of tri-acid mixture (HNO3: H2SO4: HClO4
with a ratio of 5: 3: 2) using hot plate till near to dry state leaving a
colorless solution behind. The sample was further diluted with
5mL deionized water and heated at 100

C until evaporated near to
dry state. After complete digestion, the sample was left to coolTable 1
Physico-chemical characteristics of feedstock and its biochars produced under various o
Operating conditions Physico-chemical characteristics
Ycar
(%)
VOC
(%)
Ash
(%)
FC
(%)
Temperature
(C)
Feedstock e 69.5± 0.25 1.49± 0.18 20.52± 0.3
300 74.4± 0.32 40.6± 0.29 10.2± 0.34 44.7± 0.29
400 42.4± 0.17 19.5± 0.26 15.2± 0.28 61.1± 0.31
500 41.4± 0.24 10.6± 0.19 16.7± 0.31 69.8± 0.43
600 38.3± 0.22 6.2± 0.22 20.2± 0.36 70.9± 0.39
700 35.8± 0.19 4.2± 0.13 21.4± 0.42 72.0± 0.33
Retention time
(min)
15 40.9± 0.14 14.9± 0.25 12.0± 0.19 69.2± 0.37
30 41.8± 0.19 11.9± 0.22 15.6± 0.28 69.3± 0.26
60 41.4± 0.24 10.6± 0.19 16.7± 0.31 69.8± 0.43
90 42.6± 0.17 9.3± 0.19 17.4± 0.22 70.7± 0.35
Heating rate
(C min1)
1 49.45± 0.21 5.7± 0.21 18.9± 0.34 73.7± 0.29
2 48.6± 0.22 7.1± 0.15 18.6± 0.21 72.3± 0.31
5 46.8± 0.15 8.7± 0.09 18.4± 0.29 70.6± 0.36
10 41.4± 0.24 10.6± 0.19 16.7± 0.31 69.8± 0.43
Gas ﬂow rate
(ml min1)
20 41.4± 0.24 10.6± 0.19 16.7± 0.31 69.8± 0.43
50 47.1± 0.23 8.5± 0.17 17.3± 0.19 70.7± 0.32
100 41.3± 0.15 7.2± 0.16 17.9± 0.21 71.2± 0.19
200 37.7± 0.17 6.5± 0.18 18.8± 0.19 70.6± 0.26
Particle size
(mesh)
<200 41.9± 0.14 8.1± 0.11 13.3± 0.11 74.8± 0.29
200e100 43.1± 0.19 9.3± 0.13 13.7± 0.14 73.4± 0.32
100e50 42.8± 0.19 9.3± 0.09 15.0± 0.19 72.3± 0.24
50e10 41.4± 0.24 10.6± 0.19 16.7± 0.31 69.8± 0.43
Ycar¼ carbon yield; VOC¼ volatile carbon compound; FC¼ ﬁxed carbon; EC¼ electrical c
heating value; AOSc¼ average oxidation state of carbon; % characteristics are representedown, diluted to 25mL by adding 0.04 N HNO3 and ﬁltered for ﬁnal
analysis (Ali et al., 2017).
2.6. Risk assessment
To access the potential ecological risk of PTEs in biochar,
ecological risk index (RI) was employedwhich categorize the risk of
PTEs into different enrichment classes are presented in Table 2
using the following equations (Devi and Saroha, 2014).
Cf ¼ Ci=Cn (3)
Er ¼ TrCf (4)
RI ¼
X
Er (5)
In above equations, Cf indicates contamination factor. The mo-
bile (F1þF2þF3þF4) and stable (F5) fractions of PTEs are indicated
by Ci and Cn. For a single element, the potential ecological risk is
indicated by Er and Tr represents toxic response factor. The po-
tential ecological risk is presented by RI.
2.7. Quality control and statistical analyses
To assure the precision of data, certiﬁed standard material
GBW07604 GSV-3 (plant), from the National Center for Standard
Materials of China, was includes in every batch of samples
analyzed. The recovery rates (93.9e104.6%) for all the selected PTEs
in the standard reference material were within the range of the
certiﬁed limitations. The acceptable precision was within ±5wt %
for all the selected PTEs. Each samplewas analyzed three times, and
accuracy of ICP-MS was veriﬁed by testing two standards, after
every ﬁfteen (15) samples. The calibration curves for all PTEs were
linear and within the range (R2 ˃ 0.99) showing that the analytical
method for PTE determination was reliable and consistent. Addi-
tionally, the descriptive data was statistically analyzed by using
PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA) andperating conditions and particle sizes.
pH EC
(mS cm1)
SABET
(m2 g1)
mSABET
(m2 g1)
HHV
(MJ kg1)
AOSC
6 6.5± 0.17 13.9± 0.37 1.2± 0.09 0.37± 0.06 20.3± 0.28 0.70
8.6± 0.25 18.5± 0.46 6.0± 0.05 1.5± 0.09 22.5± 0.31 0.23
10.0± 0.19 19.5± 0.15 12.7± 0.08 8.4± 0.05 23.0± 0.29 0.16
10.2± 0.22 22.1± 0.32 24.2± 0.09 8.9± 0.08 25.7± 0.33 0.10
11.4± 0.18 22.8± 0.29 32.0± 0.08 9.1± 0.08 25.0± 0.24 0.04
11.6± 0.20 23.7± 0.23 38.2± 0.11 9.5± 0.09 25.2± 0.26 0.03
9.2± 0.24 19.6± 0.18 21.4± 0.06 5.8± 0.06 26.3± 0.22 0.41
9.7± 0.13 21.2± 0.33 22.8± 0.07 6.4± 0.06 25.3± 0.29 0.18
10.2± 0.22 22.1± 0.32 24.2± 0.09 8.9± 0.08 25.7± 0.33 0.10
11.2± 0.19 23.8± 0.24 27.5± 0.12 9.1± 0.04 26.6± 0.34 0.20
11.3± 0.14 25.9± 0.28 21.6± 0.09 2.4± 0.06 27.2± 0.29 0.17
10.8± 0.23 25.7± 0.19 21.7± 0.05 3.3± 0.05 26.9± 0.28 0.16
10.5± 0.21 24.7± 0.36 22.6± 0.03 5.5± 0.05 26.4± 0.35 0.14
10.2± 0.22 22.1± 0.32 24.2± 0.09 8.9± 0.08 25.7± 0.33 0.10
10.2± 0.22 22.1± 0.32 24.2± 0.09 8.9± 0.08 25.7± 0.33 0.10
10.2± 0.13 23.9± 0.39 25.9± 0.06 10.9± 0.07 27.6± 0.35 0.48
9.5± 0.18 22.7± 0.43 27.7± 0.09 11.2± 0.11 27.7± 0.24 0.54
9.3± 0.19 21.5± 0.27 28.8± 0.12 11.9± 0.08 26.7± 0.28 0.50
12.4± 0.22 26.8± 0.22 28.9± 0.09 9.8± 0.09 27.2± 0.31 0.01
11.4± 0.21 25.5± 0.38 27.5± 0.07 9.4± 0.06 28.0± 0.36 0.13
10.8± 0.27 24.5± 0.40 25.8± 0.07 9.0± 0.04 27.3± 0.31 0.13
10.2± 0.22 22.1± 0.32 24.2± 0.09 8.9± 0.08 25.7± 0.33 0.10
onductivity; SABET¼ speciﬁc surface area; mSABET¼micro surface area; HHV¼ high
d on dry weight basis.
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employed for all the graph plotting.3. Results
3.1. Inﬂuence of operational conditions on product yield
Pyrolytic yields at different operating conditions are presented
in Fig. 1. The biochar yield revealed a signiﬁcant decreasing trend
with increasing temperature under constant retention time (RT),
gas ﬂow rate (GFR), heating rate (HR) and particle size. The bio-oil
yield signiﬁcantly (P< 0.01) increased from 16.8 to 23% when
temperature increased from 300 to 500

C but a descending trend
was found with a further increase in temperature, and lowest
(16.8%) yield was found at 700

C that was mainly due to volatili-
zation of different gases. Regarding gas yield, the ascending trend
was found with increasing temperature, and the yield was found to
be highest at 700

C that was 49.2%. The retention time slightly
affected the products yield but overall no signiﬁcant increase or
decrease was found by keeping retention time as a variable. There
was a slight decrease in biochar and gas yields with an increase in
heating rate from 1 to 10 (

C min1), however, bio-oil yield was
increased with an increase in heating rate (

C min1). There was a
signiﬁcant (P< 0.01) decrease in biochar yield from 35.1% to 26%
with increase in gas ﬂow rate from 20mLmin1 to 200mLmin1.
In other hand, the bio-oil and gas showed a signiﬁcant (P< 0.01)
increase with increasing gas ﬂow rate. Particle size showed a slight
effect on biochar yield, but a signiﬁcant decrease was found in yield
of bio-oil with increasing particle size. The gas yield increased with
an increase in particle size till 100e50 (mesh). Additionally, the
detailed description of elemental composition and HHV values of
biochar and bio-oil, are presented in the supplementary informa-
tion (Tables S1 and S2).3.2. Inﬂuence of operational conditions on physicochemical
characteristics of biochar
The physicochemical characteristics of biochar produced at
various operating conditions and particles size are given in Table 1.
The carbon yield decreased with increase in temperature, retention
time and heating rate, while in the case of gas ﬂow rate and particle
size the yield slightly increased and then decreased. The highest
carbon yield (74.4%) among all operating condition was found atFig. 1. Comparative effects of operating conditions (temperature, retention time, heating ra
500 C, retention time: 60min, heating rat: 10 C min1, gas ﬂow rate 200 sccm and partic300

C while the lowest was 35.8% at 700

C. Unlike to carbon yield,
the ash content and ﬁxed carbon content were increased with
increasing temperature and retention time. The lowest values were
found to be at 300

C and 15min, while the highest values were
observed at 700

C and 90min. The VOC was found to be highest in
the case of feedstock but signiﬁcantly (P< 0.01) decreased up to
80% with increasing temperature to 700

C. The pH value of the
feedstock was almost neutral, but with an increase in temperature
the pH of biochar led to alkalinity, and the highest pH was found at
700

C (11.6%) followed by with 90min retention time (11.2%). The
micro-surface area (mSABET) increased almost ten folds with
increasing temperature with the highest value of 9.5m2 g1 at
700

C. For the rest, there was a slight increase except for particles
size where the mSABET tends to decrease with decreasing particles
size. Similarly, the speciﬁc surface area was found to be highest
38.2m2 g1 at 700

C. There was a slight increase in speciﬁc surface
areawith increasing retention time, gas ﬂowand heating rate while
opposite trend was observed in the case of particle size.3.3. Migration behavior of PTEs in feedstock and pyrolysis products
Potentially toxic elements composition in feedstock and its
biochars produced under various operating conditions and particle
sizes is given in Table 3. The behavior of different PTEs in feedstock
and pyrolysis products is shown in Fig. 2. The results reveal that the
arsenic (As) content increased up to 400

C with the highest value
of 69.9% (Fig. 2). In the case of gas, there is continues increase with
an increase in temperature. For Cd the percentage in biochar, bio-oil
and gas increase (P< 0.01) signiﬁcantly with increasing tempera-
ture except for bio-oil for whom the percentage tends to decrease
at a temperature of 400

C. The Cr percentage tends to increase in
both bio-oil and biogas with increasing temperature but for biochar
the percentage decrease at 600

C. In biochar and gas, the Cu tends
to increase with increase in temperature above 400

C, but in case
of bio-oil the results are inverse. Mn shows an overall stable trend
in all the three categories with increasing temperature. Pb and Zn
percentage increase with increasing temperature in both biochar
and gas with a signiﬁcant increase at 400

C and then tends to
decrease. The ratio of PTEs was found to be high in case of biochar
as compared to bio-oil and biogas at different operating tempera-
ture. The retention time results show that As and Cd percentage in
bio-oil and gas increase with an increase in retention time but in
the case of biochar As and Cd tend to decrease at 60 (min) andte, gas ﬂow rate) and particle size on product yield. Constant conditions: temperature:
le size 10 mesh.
Table 2
Ecological risk indices for various PTEs.
PTEs contamination Potential ecological risks Sum of potential ecological risks
Cf Contamination level Er Risk level RI (ƩEr) BC contamination
Cf 1 Uncontaminated Er 40 Low risk RI 150 Low
1< Cf 3 Low 40< Er 80 Moderate risk 150< RI 300 Moderate
3< Cf 6 Moderate 80< Er 160 Considerate risk 300< RI 600 Considerate
6< Cf 9 Considerate 160< Er 320 High risk RI> 600 High
Cf > 9 High Er> 320 Very high risk
Cf¼ concentration factor of the individual PTEs; Er¼ ecological risk factor for individual PTEs; RI¼ sum of potential ecological risk index (ƩEr) of all PTEs.
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Ni, Pb, and V increase with an increase in retention time in biochar
and gas but in bio-oil these decrease with increasing retention
time. Zn shows slightly different results as the percentage tends to
decrease at 60 (min) in biochar and its percentage increase at 60
(min) in bio-oil. Cd and Cr increased two times with increasing
retention time from 30 to 60 (min), but Cu and Zn decreased
signiﬁcantly. Moreover, no signiﬁcant change was observed in the
case of Cr and Pb. The percentage of PTEs like As, Ni and V tends to
decrease with increasing heating rate in biochar, but it signiﬁcantly
increases in bio-oil and gas. The percentage of Pb and Cd increase
with increasing heating rate in biochar and gas, but it tends to
decrease in case of bio-oil. Mn, Cu and Zn tends to increase up to a
retention time of 5

C min1 and decrease slightly at 10

C min1 in
biochar but in bio-oil and gas the percentage increase with
increasing retention time. The percentage of As, Cd, Cr, Cu, Mn, Ni,
Pb, V, and Zn tends to increase when the Gas ﬂow rate is increased
from 20 to 50mLmin1 but starts to decrease at 100mLmin1. The
case is inverse in bio-oil here the percentage reduction at
20e50mLmin1 and increases at 100mLmin1 while in gas there
is overall increase with increasing gas ﬂow rate. As, Cu, Cr, Mn, Pb,
V, and Zn the percentage tends to increase with decreasing particle
size in biochar while a decreasing trend was found in the case of
bio-oil. There was a declining trend in gas with increasing particle
size except forMn and Cuwhere the percentage tends to increase at
200e100 (mesh) and then starts to decrease.Table 3
Potentially toxic elements composition of feedstock and its biochars produced under var
Operating conditions PTEs (mg kg1)
As Cd Cr Cu
Temperature
(C)
Feedstock 17.3± 0.89 66.0± 2.5 251 ± 13.2 1457
300 20.2± 1.15 81.1± 3.6 306 ± 16.2 1684
400 41.0± 1.72 94.7± 3.1 591 ± 31.6 2139
500 45.3± 1.49 111± 4.1 670 ± 28.3 2630
600 39.9± 0.64 99.2± 3.2 700 ± 29.5 2857
700 34.4± 0.68 94.1± 3.3 770 ± 38.2 2645
Retention time
(min)
15 38.5± 1.07 107± 2.8 576 ± 32.4 2320
30 44.7± 1.13 107± 3.7 603 ± 18.2 2389
60 45.3± 1.49 111± 4.1 670 ± 28.3 2630
90 48.4± 0.95 114± 3.2 678 ± 23.6 2735
Heating rate
(C/min1)
1 73.2± 2.95 69.3± 2.2 584 ± 19.4 2290
2 56.9± 1.44 81.0± 3.1 545 ± 27.3 2490
5 41.7± 0.83 96.3± 3.14 591 ± 31.4 2600
10 45.4± 1.49 111± 4.1 670 ± 28.3 2630
Gas ﬂow rate
(ml min1)
20 45.3± 1.49 111± 4.1 670 ± 28.3 2630
50 40.1± 1.15 98.8± 3.6 676 ± 26.5 2806
100 36.8± 1.19 84.3± 2.4 712 ± 29.8 2700
200 38.2± 0.76 80.2± 1.5 716 ± 35.8 2566
Particle size
(mesh)
<200 38.7± 0.93 123± 4.7 696 ± 30.5 2724
200e100 40.7± 1.28 114± 5.7 676 ± 19.6 2754
100e50 41.1± 2.15 111± 3.6 672 ± 26.1 2745
50e10 45.3± 1.49 111± 4.1 670 ± 28.3 2630
Constant conditions: temperature: 500 C, retention time: 60min, heating rat: 10 Cmin3.4. Inﬂuence of operational conditions on partitioning of PTEs in
biochar
The fractionation of different PTEs in feedstock and its biochars
at various operating conditions are shown in Fig. 3. The results
indicate that the bioavailable (F1 þ F2) fractions of PTEs in biochar
were the lowest followed by reducible and oxidizable (F3 þF4)
fraction and the highest percentage was found to be in F5 (stable)
indicating high stability of biochar. The fractionation trend fol-
lowed by PTEs at different operating condition was
F1<F2<F3<F4<F5. The ﬁgure reveals that more than 50% of all the
PTEs were falling in residual (stable) fraction (F5). Distribution and
fractionation of PTEs (mg kg1) in feedstock and its biochars, and
pyrolytic gases produced during pyrolysis at various operating
conditions are given in Table S3, Fig. S2.
The major fractions of As, Cd, Cr, Cu, Mn, Ni, Pb, V and Zn in
feedstock was reducible and oxidizable (F3þF4) fraction but after
thermochemical transformation to biochar, the reducible and
oxidizable (F3þF4) fractions tend to convert into F5 (stable) frac-
tion. At a temperature of 400

C the F3þF4 fractions of As, Cr, Cu,
Mn, Pb, and Zn tend to increase while the rest tends to decrease. At
500

C, the relative percent of all PTEs tends to increase in F3 except
As, which showed decreasing behavior, while in F4 all tend to
decrease except Cu, Mn, and Ni. At the retention time of 15 min,
relative percent of F1þF2 tends to increase signiﬁcantly (P < 0.01)
at constant temperature except for Zn. Moreover, As and Cr showedious operating conditions and particle sizes.
Mn Ni Pb V Zn
± 52 2234± 66 1,1367± 26 106± 4.16 66.5± 3.2 2023± 38
± 44 2619± 72 1213± 22 113± 5.25 97.1± 5.5 2104± 22
± 66 5074± 79 2349± 65 122± 4.84 154± 11.6 2292± 48
± 40 5724± 73 2655± 49 135± 8.12 176± 14.2 2620± 39
± 55 6198± 89 2871± 53 122± 5.45 191± 10.8 2366± 35
± 24 6705± 93 2434± 36 122± 3.92 198± 12.4 2242± 65
± 37 5077± 65 1899± 30 111± 5.85 156± 4.4 2515± 35
± 49 5308± 39 2277± 28 137± 7.24 163± 8.4 2554± 46
± 40 5724± 73 2655± 49 135± 8.12 176± 14.2 2620± 39
± 86 5775± 53 2773± 36 140± 6.82 163± 6.7 2629± 26
± 62 5102± 75 2878± 35 76.2± 4.33 179± 7.6 2190± 31
± 44 5160± 60 2691± 42 91.6± 5.41 178± 11.8 2283± 36
± 35 5627± 62 2717± 57 121± 4.76 178± 15.4 2428± 34
± 40 5724± 73 2655± 49 135± 8.12 176± 14.2 2620± 39
± 40 5724± 73 2655± 49 135± 8.12 176± 14.2 2620± 39
± 58 5788± 83 2685± 63 140± 5.67 165± 5.6 2590± 26
± 49 5670± 54 2710± 50 120± 6.19 156± 6.9 2382± 30
± 41 5983± 45 2763± 28 97± 3.45 170± 9.1 2334± 43
± 18 5924± 67 2826± 36 98± 3.28 184± 8.4 2602± 61
± 43 5718± 91 2738± 31 115± 5.41 178± 15.4 2653± 38
± 42 5683± 43 2674± 36 121± 3.70 177± 11.5 2623± 43
± 40 5724± 73 2655± 49 135± 8.12 176± 14.2 2620± 39
1, gas ﬂow rate 200mLmin1 and particle size 10 mesh. (n¼ 3).
Fig. 2. Distribution of PTEs in pyrolytic products (biochar, bio-oil and gas): operating conditions (temperature: 300e700 C, retention time: 15e90min, heating rat: 1e10 C min1,
gas ﬂow rate 20e200 sccm) and particle size (<200-10 mesh) induced changes in migration behavior of PTEs in biochar, bio-oil and gas.
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increasing retention time. There was a signiﬁcant (P < 0.01) in-
crease in Cu, Mn, and Ni in F3þF4þF5 with increasing retention
time. The highest values were found in the case of F5 which were
1398 mg kg1 (Cu), 3275mg kg1 (Mn) and 1902mg kg1 (Ni). The
relative percent of As, Cu, Mn, Pb, V, and Zn in F1þF2 increased at
1

C min1 while Zn and Cd tend to decrease. The Cr increases in F1
but decrease in F2. All the PTEs concentration increased in
F1þF2þF3 except Cd that tends to decrease in F3þF4, while Pb
tends to decrease in all three fractions. Cu and Pb tend to increase in
all fractions except for F1 while Cr increases in F2. The bioavailable
fraction of Cd and Cr increased almost two folds with increasing
retention time from 30 to 60, but Cu and Zn decreased. While, no
signiﬁcant change was found in the case of Pb, Cd, and Cr. With the
increase in heating rate As tends to decrease in all section while Cd
and Pb tend to increase. Cr increase in F1, F3 and F5 and decrease in
rest, while Ni and V increase in F1þF2 and F5 at 5 C min1. There
was a signiﬁcant increase (P< 0.01) in the concentration of all PTEs
at 20mLmin1 in F1, F2, and F3 fractions except for Cd and Znwhich tends to decrease in F2, while Cd and V decreased in F3. The
results were same in F4, where Pb and Zn decreased while the rest
increased. In an F5 fraction, all elements tend to increase. Ni and Cr
decreased in F1, F2, and F3 but started to increase in F4þF5 with
increasing heating rate. At 100 mL min1 gas ﬂow, the As, Cd, Pb,
and Zn decreased in all fractions. At 200mLmin1 gas ﬂow rate, As,
Cu, Mn and Ni increase in F1 while in F2 Cr, Ni, Pb, and V tends to
increase. In F3þF4 all the elements tend to decline except for Ni, V,
and Zn which increase in F4 while Pb tends to decrease in F5. The
relative percent of all PTEs tends to increase in F1 and F5 at <200
mesh, and the same increasing trend was found in F3 except for As
and Pb. In the case of F2, the As, Cd and Cr fraction were decreased,
while As, Cr, Mn, Ni, V, and Zn increased in F4. At 200-100 mesh, Cr
and Pb increased in F1, while in the case of F2, Cd, Cr, Cu, V and Zn
increased. In F3 the overall percentage of PTEs increased except for
V which tends to decrease, while Mn, Ni and Pb increase in F5 by
increasing particle size. At 50-10 mesh most of the PTEs tend to
concentrate in F3, F4, and F5, showing more immobilization in
biochar with increasing particle size.
Fig. 3. Fractionation of PTEs in feedstock and its biochars inﬂuenced by various operating conditions and particle sizes. F1: water soluble fraction; F2: exchangeable fraction; F3:
reducible fraction; F4: oxidizable fraction; F5: residual (stable) fraction.
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in biochar and their relationship with biochar characteristics
The enrichment factor values of PTEs in biochar under different
operating conditions and particles size are given in Table 4. The As,
Cd, and Zn value increased with increasing temperature up to
600

C and decreased at 700

C. There was a direct relationship in
case of Cr, Mn, Pb, and V as there Ef value increased with increasing
temperature, while in the case of Ni and Cu the value increased up
to 600

C and then decreased. The enrichment factor value
increased with increasing retention time for all PTEs. There was a
slight decline in Ef value of As, Cr, Ni and Pbwith increasing heating
rate while for rest a slightly decreasing trend was found. Arsenic
value increased with increasing gas ﬂow up to 100mLmin1 gas
ﬂow rate and then slightly decreased. The Ef values for Cr, Cu, Pb,
and Zn slightly increased with increase in gas ﬂow rate while for Cd
it decreased. In the case of particle size, As and Pb were slightly
enrichedwith decreasing particles sizewhile Ef values for Cd, Cr, Ni,and V were decreased.
The correlation between PTEs fractions and biochar character-
istics is demonstrated in Fig. 4. Fig. 4(a) shows the relationship of
bioavailable and water-soluble fraction (F1þF2) with biochar
characteristics. The ﬁgure shows characteristics of biochar were
positively correlated with each other. A positive but non-signiﬁcant
association between biochar characteristics with Pb, Cu, Cd and Zn
and Cr was found. pH shows signiﬁcantly positive correlation with
As, Mn, Ni, and V. while EE, FC, SA, and AOS showed a slight sig-
niﬁcant association with As, Ni, and V while non-signiﬁcant in the
case of Mn. In the case of elements, a slightly positive relationship
was found between Mn and Cu while a signiﬁcantly negative cor-
relation between Cr and Zn. Fig. 4(b) shows that a positive but non-
signiﬁcant association between Cr, V, Pb, As and Zn with all char-
acteristics in reducible fraction (F3) while Cu and Ni shows a
signiﬁcantly positive correlation with pH and EC. In the case of
elements, the negative but non-signiﬁcant correlation was found
for Cd, Cr and Zn with V. Fig. 4(c) shows a signiﬁcantly positive
Table 4
PTEs enrichment factor of biochar produced under various operating conditions and particle sizes.
Operating conditions Enrichment factor (Ef)
As Cd Cr Cu Mn Ni Pb V Zn
Temperature
(C)
300 1.17± 0.03 1.23± 0.08 1.22± 0.12 1.16± 0.05 1.17± 0.08 1.07± 0.05 1.06± 0.03 1.46± 0.07 1.04± 0.02
400 2.38± 0.08 1.43± 0.06 2.36± 0.09 1.47± 0.08 2.27± 0.15 2.07± 0.09 1.15± 0.06 2.32± 0.09 1.13± 0.07
500 2.63± 0.09 1.68± 0.08 2.67± 0.15 1.81± 0.06 2.56± 0.09 2.34± 0.07 1.28± 0.02 2.65± 0.08 1.30± 0.05
600 2.31± 0.06 1.50± 0.08 2.79± 0.04 1.96± 0.09 2.77± 0.10 2.53± 0.09 1.15± 0.04 2.88± 0.08 1.17± 0.09
700 1.99± 0.05 1.43± 0.05 3.07± 0.07 1.82± 0.09 3.00± 0.16 2.14± 0.08 1.15± 0.04 2.98± 0.03 1.11± 0.05
Retention time
(min)
15 2.23± 0.02 1.62± 0.06 2.30± 0.06 1.59± 0.04 2.27± 0.13 1.67± 0.09 1.04± 0.08 2.35± 0.07 1.24± 0.06
30 2.59± 0.07 1.62± 0.09 2.40± 0.03 1.64± 0.05 2.38± 0.11 2.00± 0.04 1.29± 0.05 2.45± 0.05 1.26± 0.07
60 2.63± 0.09 1.68± 0.08 2.67± 0.15 1.81± 0.06 2.56± 0.09 2.34± 0.07 1.28± 0.02 2.65± 0.08 1.30± 0.05
90 2.81± 0.06 1.72± 0.14 2.70± 0.07 1.88± 0.12 2.58± 0.09 2.44± 0.06 1.32± 0.04 2.45± 0.04 1.30± 0.05
Heating rate
(C min1)
1 2.88± 0.09 1.05± 0.05 2.33± 0.07 1.57± 0.08 2.28± 0.07 2.53± 0.03 0.72± 0.01 2.69± 0.07 1.08± 0.03
2 2.73± 0.05 1.23± 0.08 2.17± 0.05 1.71± 0.03 2.31± 0.09 2.37± 0.08 0.86± 0.03 2.68± 0.06 1.13± 0.08
5 2.42± 0.08 1.46± 0.06 2.35± 0.12 1.78± 0.04 2.52± 0.11 2.39± 0.07 1.14± 0.02 2.67± 0.05 1.20± 0.02
10 2.63± 0.09 1.68± 0.08 2.67± 0.15 1.81± 0.06 2.56± 0.09 2.34± 0.07 1.28± 0.02 2.65± 0.08 1.30± 0.05
Gas ﬂow rate
(ml min1)
20 2.63± 0.09 1.68± 0.08 2.67± 0.15 1.81± 0.06 2.56± 0.09 2.34± 0.07 1.28± 0.02 2.65± 0.08 1.30± 0.05
50 2.32± 0.08 1.50± 0.03 2.69± 0.03 1.93± 0.06 2.59± 0.09 2.36± 0.06 1.32± 0.09 2.49± 0.04 1.28± 0.06
100 2.13± 0.13 1.28± 0.04 2.84± 0.08 1.85± 0.08 2.54± 0.04 2.38± 0.05 1.13± 0.08 2.35± 0.05 1.18± 0.03
200 2.21± 0.08 1.21± 0.08 2.85± 0.05 1.76± 0.06 2.68± 0.06 2.43± 0.14 0.91± 0.06 2.56± 0.06 1.15± 0.04
Particle size
(mesh)
<200 2.24± 0.06 1.86± 0.06 2.77± 0.06 1.87± 0.06 2.65± 0.09 2.49± 0.09 0.93± 0.06 2.76± 0.06 1.29± 0.05
200e100 2.36± 0.08 1.73± 0.05 2.69± 0.17 1.89± 0.04 2.56± 0.02 2.41± 0.04 1.09± 0.02 2.69± 0.08 1.31± 0.03
100e50 2.38± 0.09 1.69± 0.08 2.68± 0.04 1.88± 0.07 2.54± 0.07 2.35± 0.09 1.14± 0.04 2.66± 0.09 1.30± 0.08
50e10 2.63± 0.09 1.68± 0.08 2.67± 0.15 1.81± 0.06 2.56± 0.09 2.34± 0.07 1.28± 0.02 2.65± 0.08 1.30± 0.05
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ible fraction). Pb showed a signiﬁcantly negative correlation with
pH, EC, FC, and SA while Cd was negative but non-signiﬁcant. Ni
showed a signiﬁcant positive association with pH, EC, and FC while
Cr with FC. In the case of elements, Zn showed strong negative
association with Cu. The residual fraction F5 Fig. 4(d) shows a
signiﬁcantly positive correlation between biochar characteristics
except for AOS which was positive but non-signiﬁcant.3.6. Ecological risk assessment
To estimate the risk level of different PTEs in biochar, Cf, Er and
RI values were determined using Eqs (3)e(5). The Cf values of all
the PTEs in feedstock were 1< Cf 3 implying little potential
contamination except for Ni and V with no potential risk (Cf 1)
(Table 5). With the increase in temperature, there was a slight
decrease in Cf value of Cr, Cu, Mn, and Pb, while a slight increase in
Cd at 300

C. The Cf value tends to decrease with increasing tem-
perature for all PTEs, and the lowest value of contamination was
found at 700

C that falls in uncontaminated category (Cf 1) with
no signiﬁcant contamination. The Cf values of Cr and Cu were
1.07± 0.05 and 1.11± 0.03 at a retention time of 15 (min) signifying
a low level of contamination, but the Cf value signiﬁcantly
decreased with increasing retention time imposing no signiﬁcant
contamination threat. In the case of heating rate, the Cr
(1.13± 0.05), Cu (1.24± 0.05) and Mn (1.07± 0.01) showed low-
level contamination at 1

C min1, but with increasing the heating
rate to 2

C min1, the values decreased to 1.11± 0.06 (Cr),
1.13± 0.02 (Cu) and 1.03± 0.02 (Mn). Mnwith Cf value of 1.14± 0.05
showed a low level of contamination at <200 mesh, but with
decreasing particles size Cf value falls below 1 with no
contamination.
The Er and RI values used for the determination of ecological risk
assessment are presented in Table 6. The Er values of all the
potentially toxic elements in feedstock and its biochar were in the
range of the ﬁrst category of ecological risk indices (Er 40) pre-
senting no potential ecological risk at all operating conditions
except Cd with Er value of 75.2 in feedstock and 45.9 at 300

C
imposing low ecological risk but its value decrease signiﬁcantly
with increasing temperature with no ecological risk. The RI values
of individual elements reveal low risk at all operating conditions asthe RI value for all the elements were 150. The highest RI value
was found 110 for feedstock followed by 68.6 for biochar at 300

C.
Additionally, the detailed information about the recoveries of PTEs
from biochar samples produced under various operating conditions
is presented in Table 7.4. Discussion
A rapid decrease in biochar yield was observed when the tem-
perature rises from 300 to 400

C that is mainly due to cellulose and
hemicellulose loss. Above 400

C, the biochar yield decreased with
considerably slow rate primarily due to pyrolysis of lignin. Previous
studies suggest that increasing pyrolysis temperature lead to high
ﬁxed carbon and porosity of biochar, but the yield decreased
signiﬁcantly (Manya, 2012). In addition, the effect of heating rate on
biochar yield may be attributed to cellulose content of the feed-
stock with increased devolatilization of feedstock, and rapid py-
rolysis leads to high porosity and reactivity of the biochar (Lin et al.,
2016). The increased gas ﬂow rate tends to decrease the biochar
yield along with stable and labile carbon content but enhances the
yield in case of liquid and gas co-products (Crombie and Masek,
2015).
In this study, the high-VOC content at lower temperature are
comparable to previous investigations, which showed increase in
ﬁxed carbon and ash content with increasing pyrolysis temperature
while VOC and carbon yield decrease signiﬁcantly (Xie et al., 2010).
Previous studies used VOC as indices for the stability of biochar,
assuming low VOC with high stability (Yuan et al., 2011). The dra-
matic rise in surface area was observed with increasing pyrolysis
temperature, as SABET is a key indicator of biochar uptake ability
and for char formation (Keiluweit et al., 2010). The HHV values
slightly increasedwith an increase in temperature and gas ﬂow rate
and this increase may be attributed to the biochar composition that
shifts towards pure carbon (Ronsse et al., 2013).
Previous research shows that Cu, Zn, Cr and Pb were mainly
found in biochar then bio-oil and gas. In addition, high-Cd contents
mostly found in carbonate-bound form and easily transferred by
off-gassing when temperature exceeds 600

C (Wang et al., 2016).
The concentration of PTEs was found to be high in biochar then
corresponding feedstock (Table 3) mainly due to the conversion of
organic matter in feedstock to condense stable form that
Fig. 4. Relationship between PTEs fractions and biochar characteristics: (a) F1þF2 (water soluble fractionþexchangeable fraction); (b) F3 (Reducable fraction); (c) F4 (oxidizable
fraction)and (d) F5 (residual/stable fraction). Blue to red color indicates the change in relationship from positive to negative and the size of the bubble indicates the strength (strong
or weak) of the relationship. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Saroha, 2014). The temperature is the key factor involved in
migration of PTEs in feedstock and its produced biochars, as most of
the PTEs migrated signiﬁcantly in biochar with increasing pyrolysis
temperature (Huang and Yuan, 2016).
The fraction of PTEs was found to be highest in F5 (residual
fraction) as compared to the other fractions which indicate a highly
stabilized form of PTEs in biochar after pyrolysis. The PTEs contents
were lowest in F1 and F2 this may be attributed to high bioavail-
ability and mobility of PTEs because of their thermodynamical
instability (Shao et al., 2015). The increased Cr and Pb content in F5
may be attributed to the formation of CaO that immobilize the Cr
due to the high-temperature alkalinity of biochar which led to the
formation of lead hydroxide (Hu et al., 2013). The increase of Zn in a
non-bioavailable fraction with increasing temperature may be due
to CaCO3 that acts as an active adsorbent for Zn and led to theformation of ZnCO3 (Banerjee, 2003). There was a strong relation-
ship between elements and biochar characteristics except for Pb
which shows a non-signiﬁcant positive correlation with biochar
features and other elements. Similarly, Huang et al. (2017) found a
positive relationship between pyrolysis temperature and metal
enrichment in biochar in relation to biochar characteristics, i.e., pH,
OC, EC, FC, and SA. Some other studies also described the inﬂuence
of biochar characteristics on PTEs fractions showing the relation-
ship between available and/or stable fractions of PTEs with biochar
characteristics (Shao et al., 2015).
The RI values slightly decrease with increase in temperature,
retention time, heating rate and gas ﬂow and with decreasing
particle size, indicating a signiﬁcant reduction in the PTEs
contamination after thermal conversion. All the PTEs tend to have a
low ecological risk at all temperatures, and RI values declined
signiﬁcantly with increase in temperature indicating low potential
Table 5
Contamination factor (Cf) of various PTEs for feedstock and its biochars produced under various operating conditions and particle sizes.
Operating conditions Contamination factor (Cf)
As Cd Cr Cu Mn Ni Pb V Zn
Temperature
(C)
Feedstock 1.64± 0.03 2.51± 0.03 1.98± 0.05 1.97± 0.03 2.18± 0.03 0.85± 0.02 1.23± 0.05 0.62± 0.02 1.13± 0.04
300 0.82± 0.02 1.53± 0.05 1.49± 0.02 1.34± 0.02 1.31± 0.02 0.66± 0.02 0.77± 0.03 0.32± 0.01 0.80± 0.05
400 0.78± 0.02 0.86± 0.02 1.08± 0.03 1.08± 0.05 1.04± 0.03 0.56± 0.01 0.74± 0.02 0.27± 0.02 0.76± 0.03
500 0.60± 0.02 0.75± 0.04 0.88± 0.02 0.97± 0.02 0.95± 0.02 0.54± 0.01 0.72± 0.02 0.26± 0.02 0.74± 0.04
600 0.56± 0.01 0.59± 0.06 0.69± 0.02 0.95± 0.02 0.89± 0.02 0.49± 0.02 0.72± 0.04 0.16± 0.01 0.69± 0.03
700 0.48± 0.02 0.61± 0.05 0.50± 0.04 0.86± 0.01 0.85± 0.05 0.44± 0.03 0.57± 0.02 0.16± 0.01 0.64± 0.05
Retention time
(min)
15 0.66± 0.05 0.77± 0.02 1.07± 0.05 1.11± 0.03 0.98± 0.02 0.66± 0.02 0.55± 0.01 0.37± 0.01 0.88± 0.03
30 0.62± 0.05 0.75± 0.02 0.94± 0.05 1.05± 0.02 0.95± 0.04 0.59± 0.04 0.61± 0.03 0.29± 0.01 0.82± 0.05
60 0.60± 0.02 0.75± 0.04 0.88± 0.02 0.97± 0.02 0.95± 0.02 0.54± 0.01 0.72± 0.02 0.26± 0.02 0.74± 0.04
90 0.54± 0.05 0.65± 0.06 0.78± 0.02 0.96± 0.03 0.76± 0.03 0.46± 0.02 0.84± 0.04 0.20± 0.02 0.77± 0.05
Heating rate
(C min1)
1 0.72± 0.05 0.88± 0.04 1.13± 0.05 1.24± 0.05 1.07± 0.01 0.67± 0.01 0.93± 0.04 0.35± 0.02 0.82± 0.05
2 0.68± 0.03 0.81± 0.03 1.11± 0.06 1.13± 0.02 1.03± 0.02 0.62± 0.03 0.84± 0.05 0.31± 0.01 0.79± 0.03
5 0.65± 0.05 0.78± 0.03 0.99± 0.02 1.05± 0.02 0.99± 0.04 0.56± 0.05 0.79± 0.03 0.29± 0.03 0.76± 0.02
10 0.60± 0.02 0.75± 0.04 0.88± 0.02 0.97± 0.02 0.95± 0.02 0.54± 0.01 0.72± 0.02 0.26± 0.02 0.74± 0.04
Gas ﬂow rate
(ml min1)
20 0.60± 0.02 0.75± 0.04 0.88± 0.02 0.97± 0.02 0.95± 0.02 0.54± 0.01 0.72± 0.02 0.26± 0.02 0.74± 0.04
50 0.62± 0.03 0.70± 0.05 0.82± 0.02 0.83± 0.03 0.87± 0.05 0.47± 0.03 0.63± 0.06 0.25± 0.01 0.68± 0.04
100 0.58± 0.02 0.60± 0.02 0.74± 0.03 0.79± 0.02 0.84± 0.04 0.45± 0.05 0.58± 0.02 0.24± 0.02 0.69± 0.03
200 0.52± 0.05 0.49± 0.04 0.67± 0.02 0.65± 0.01 0.84± 0.03 0.42± 0.01 0.58± 0.03 0.25± 0.01 0.54± 0.02
Particle size
(mesh)
<200 0.36± 0.02 0.59± 0.03 0.47± 0.05 0.58± 0.02 1.14± 0.05 0.72± 0.02 0.65± 0.01 0.40± 0.03 0.95± 0.06
200e100 0.40± 0.02 0.62± 0.02 0.51± 0.02 0.66± 0.03 0.96± 0.06 0.62± 0.02 0.69± 0.04 0.45± 0.02 0.87± 0.02
100e50 0.43± 0.05 0.64± 0.03 0.67± 0.04 0.90± 0.02 0.94± 0.02 0.58± 0.03 0.71± 0.02 0.34± 0.03 0.79± 0.04
50e10 0.60± 0.02 0.75± 0.04 0.88± 0.02 0.97± 0.02 0.95± 0.02 0.54± 0.01 0.72± 0.02 0.26± 0.02 0.74± 0.04
Table 6
Ecological risk assessment of various PTEs in feedstock and its biochars produced under various operating conditions and particle sizes.
Operating conditions Potential ecological risk (Er) RI
As Cd Cr Cu Mn Ni Pb V Zn
Toxic response factor (Tr)a 3 30 2 5 1 6 5 2 1
Temperature
(C)
Feedstock 4.93 75.2 3.97 9.83 2.18 5.08 6.15 1.24 1.13 110
300 2.45 45.9 2.99 6.72 1.31 3.97 3.84 0.63 0.80 68.6
400 2.34 25.9 2.15 5.38 1.04 3.34 3.68 0.54 0.76 45.2
500 1.81 22.4 1.77 4.86 0.95 3.23 3.60 0.52 0.74 39.9
600 1.67 17.6 1.38 4.75 0.89 2.94 3.58 0.32 0.69 33.8
700 1.44 18.4 1.0 4.31 0.85 2.66 2.86 0.32 0.64 32.5
Retention time
(min)
15 1.99 23.1 2.15 5.57 0.98 3.97 2.73 0.75 0.88 42.1
30 1.87 22.4 1.87 5.25 0.95 3.54 3.05 0.57 0.82 40.3
60 1.81 22.4 1.77 4.86 0.95 3.23 3.60 0.52 0.74 39.9
90 1.61 19.5 1.55 4.78 0.76 2.75 4.20 0.40 0.77 36.3
Heating rate
(C min1)
1 2.15 26.5 2.26 6.21 1.07 4.05 4.63 0.70 0.82 48.4
2 2.03 24.2 2.21 5.65 1.03 3.70 4.19 0.62 0.79 44.4
5 1.94 23.4 1.98 5.26 0.99 3.39 3.96 0.59 0.76 42.3
10 1.81 22.4 1.77 4.86 0.95 3.23 3.60 0.52 0.74 39.9
Gas ﬂow rate
(ml min1)
20 1.81 22.4 1.77 4.86 0.95 3.23 3.60 0.52 0.74 39.9
50 1.85 21 1.64 4.13 0.87 2.82 3.17 0.51 0.68 36.7
100 1.74 17.9 1.48 3.93 0.84 2.71 2.92 0.47 0.69 32.7
200 1.55 14.6 1.35 3.25 0.84 2.55 2.88 0.50 0.54 28.1
Particle size
(mesh)
<200 1.07 17.8 0.94 2.88 1.14 4.30 3.26 0.81 0.95 33.1
200e100 1.19 18.6 1.02 3.29 0.96 3.69 3.47 0.90 0.87 34.1
100e50 1.29 19.3 1.35 4.48 0.94 3.50 3.56 0.68 0.79 35.9
50e10 1.81 22.4 1.77 4.86 0.95 3.23 3.60 0.52 0.74 39.9
RI¼ sum of potential ecological risk index (ƩEr) of all PTEs.
a The Tr values were taken from those used by Devi and Saroha [1], and Hakanson [2]; Average Cf values were multiplied by Tr values to obtain Er values.
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used sequential extraction method to study the fractionations of
PTEs in biochar, they found that most of the PTEs enriched in bio-
char in the stable forms after the thermal conversion of sewage
sludge, showing a remarkable decline in their availability to a very
low environmental risk of the biochar. Wang et al. (2016) described
that the bioavailability of PTEs decreased after the hydrothermal
treatment combined with pyrolysis, and the environmental risk of
PTEs in the biochar reduced to the lowest pollution level. In addi-
tion, the decreased environmental/ecological risks could be
attributed to the higher and stable carbon contents in biochar and
change in pH after pyrolysis.5. Conclusion
This study demonstrated that biomass pyrolysis is the effective
technique for the PTEs stabilization compared to the raw feed
material resulting in a remarkable decline in the available fraction
in biochar by the conversion of metal-accumulating invasive
ragweed to value-added products. Production temperature and
particle size were the most dominant factor in thermal treatment
which signiﬁcantly altered pyrolytic yield and physico-chemical
characteristics. The stable form of PTEs in biochar signiﬁcantly
increased with increasing temperature from 300 to 700 C. In
addition, no potential ecological risk at all operating conditions was
Table 7
Recoveries of PTEs from biochar samples produced under various operating conditions.
Operating conditions Recovery (%)
As Cd Cr Cu Mn Ni Pb V Zn
Temperature
(C)
Feedstock 99± 2.13 99.45± 0.78 97.96± 2.25 98.12± 1.85 99.48± 1.52 96.26± 2.58 98.66± 1.18 99.15± 1.33 103.6± 2.39
300 99.01± 1.19 99.17± 1.24 99.37± 1.13 97.35± 2.55 104.2± 2.14 102.5± 1.19 96.82± 3.45 101.8± 2.58 98.14± 1.54
400 99.52± 1.33 98.36± 1.33 99.68± 0.88 99.67± 1.39 99.34± 1.28 98.22± 1.32 99.65± 1.24 98.96± 1.85 99.38± 1.26
500 99.18± 1.17 103.8± 1.85 97.34± 2.17 96.58± 1.13 101.5± 1.38 99.37± 1.44 97.83± 1.71 99.14± 0.89 98.19± 1.18
600 98.62± 2.25 97.64± 2.45 98.75± 1.85 98.37± 4.58 98.16± 1.19 99.16± 1.52 98.93± 1.19 99.46± 1.14 97.45± 2.17
700 95.36± 3.62 99.23± 1.18 99.08± 0.67 97.19± 2.16 98.85± 1.65 99.86± 2.14 99.08± 1.25 99.57± 0.39 98.66± 1.33
Retention time
(min)
15 98.95± 1.22 99.87± 1.39 101.2± 2.68 99.65± 1.82 99.34± 2.14 98.05± 1.89 99.18± 1.22 97.39± 2.66 99.18± 1.29
30 99.18± 1.39 98.35± 1.76 99.62± 1.14 99.32± 0.98 99.68± 1.33 97.63± 2.67 95.69± 2.36 98.55± 1.32 99.05± 2.17
60 99.18± 1.17 103.8± 1.85 97.34± 2.17 96.58± 1.13 101.5± 1.38 99.37± 1.44 97.83± 1.71 99.14± 0.89 98.19± 1.18
90 95.15± 2.68 98.55± 1.33 99.48± 1.23 99.04± 1.05 98.54± 1.04 99.06± 0.85 99.09± 1.26 98.35± 1.22 97.66± 2.39
Heating rate
(C min1)
1 98.56± 1.28 99.36± 1.58 99.13± 1.09 99.36± 2.65 97.32± 2.36 97.24± 1.22 97.99± 1.39 99.13± 1.76 98.58± 0.89
2 99.12± 1.05 97.89± 1.39 98.64± 2.11 98.84± 1.33 98.25± 2.15 98.33± 1.36 98.26± 1.08 98.45± 1.35 99.02± 1.14
5 97.86± 1.88 99.15± 1.07 97.99± 1.28 99.18± 1.18 99.13± 0.85 99.18± 1.25 98.15± 2.14 96.33± 2.68 98.65± 1.21
10 99.18± 1.17 103.8± 1.85 97.34± 2.17 96.58± 1.13 101.5± 1.38 99.37± 1.44 97.83± 1.71 99.14± 0.89 98.19± 1.18
Gas ﬂow rate
(ml min1)
20 99.18± 1.17 103.8± 1.85 97.34± 2.17 96.58± 1.13 101.5± 1.38 99.37± 1.44 97.83± 1.71 99.14± 0.89 98.19± 1.18
50 96.55± 1.35 98.27± 2.13 98.45± 1.38 99.25± 1.36 98.26± 1.19 97.13± 2.39 99.54± 1.17 99.35± 1.36 96.54± 3.15
100 98.17± 1.64 98.75± 1.29 99.35± 1.15 98.69± 1.55 98.13± 1.36 99.22± 1.35 99.12± 0.75 98.05± 1.58 99.35± 1.33
200 99.65± 0.72 99.16± 1.05 99.16± 2.35 102.3± 1.34 99.28± 1.28 99.02± 1.28 98.15± 1.66 98.97± 1.34 98.16± 1.45
Particle size
(mesh)
<200 96.99± 1.33 100.3± 2.33 98.99± 1.49 99.56± 1.22 97.55± 2.69 98.35± 0.99 95.32± 3.58 99.28± 1.68 99.37± 1.05
200e100 98.55± 1.85 97.69± 2.18 99.65± 0.89 98.58± 1.38 98.32± 1.08 98.06± 1.27 98.66± 1.36 102.6± 2.17 94.85± 2.66
100e50 99.26± 1.62 98.95± 1.42 98.73± 1.36 99.17± 2.07 99.14± 1.16 97.13± 2.36 99.28± 1.19 98.34± 1.31 98.64± 1.25
50e10 99.18± 1.17 104.8± 1.85 97.34± 2.17 96.58± 1.13 101.5± 1.38 99.37± 1.44 97.83± 1.71 99.14± 0.89 98.19± 1.18
B. Yousaf et al. / Journal of Cleaner Production 195 (2018) 458e469468observed, and its value signiﬁcantly decreased with increasing the
values of various operating conditions. In conclusion, the temper-
ature range from 500 to 600 C having 60e90min retention time
and high heating rate (10 C min1) with lower-sized partial were
an optimal operating condition for the production of biochar with
required characteristics and low environmental risks.
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